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thrust chamber will usually be bonded to inner wall by processes such as brazing or electro-deposition.  Inner 
wall is subjected to high thermal and pressure loads during operation of the engine due to which it will be in the 
elasto-plastic regime.  This results in creep of the inner wall material.  It is essential to characterize creep 
behaviour of this material in order to assess cyclic and sustained structural life of the chamber.   
2. Creep characterization of Cu-Cr-Zr-Ti alloy 
Constant load creep rupture tests are conducted at Indira Gandhi Centre for Atomic Energy (IGCAR), 
Kalpakkam, Chennai for different stress and temperature levels.  Stress levels are selected such that 
corresponding yield strength is exceeded at all temperatures during testing.  Figure 1 gives details of specimen 
used for tests.  Summary of test results is shown in table 1.  Figure 2 gives creep curves at 873 K in which 
normalized creep strain is plotted against normalized rupture time. 
 
 
Fig. 1.Creep test specimen. Fig.2. Creep curves at 873 K. 
Table 1. Summary of creep test results 
Sl. 
No. Temp, K Stress, MPa Life, h Elong, % RA, % SS rate /s Remarks Fracture 
1 973 25 43.1 41 71 7.60E-07   within GL 
2 923 52 16 18.2 82.4 1.67E-07   within GL 
3 923 50 14 33.8 84.2 1.67E-07   within GL 
4 923 50 20 23.8 81.9 1.67E-07 Repeated within GL 
5 923 46 35 29.9 75.2 1.64E-07   within GL 
6 923 25 242 39.2 71.5 2.20E-08   within GL 
7 923 20 2677     5.50E-09   within GL 
8 873 65 13 40.9 85.9 2.50E-08   within GL 
9 873 65 9 50.7 87.4 6.20E-06 Repeated within GL 
10 873 60 69 18.4 68.6 1.47E-07   within GL 
11 873 55 100 19.3 74.3 1.74E-07   within GL 
12 873 35 743 39 79.2 3.10E-08   within GL 
13 873 25 2907 39.7 76 1.67E-09   within GL 
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3. Creep constitutive modelling 
The primary creep region for this material is found to be absent and tertiary creep is not considered. Hence 
the Norton and Exponential secondary creep models available in ANSYS FEA code (Version 11) [1] are 
chosen for constitutive modelling of the copper alloy owing to their simplicity.  Creep strain rate by Norton 
model is given by: 
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ε    = creep strain rate 
Ȉ =  stress 
C1,C2,C3 = Norton creep constants  
T =  temperature (absolute) 
Creep strain rate by Exponential model is given by 
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cr
ε   = creep strain increment 
ı = stress 
C4,C5,C6  = Exponential creep constants  
T =  temperature (absolute) 
3. Evaluation of creep constants by least square fit method 
The least squares fit method for multivariate polynomial functions is used for evaluation of the creep 
constant from test data.  Logarithm of the above equations is taken to get an algebraic equation of the form: 
czbxay ++=   (3) 
The normal equations for the constants a, b and c are: 
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These constants can be solved by Gaussian elimination. 
4. Creep constants for other copper alloys 
Ref.2 gives the creep test results for Cu-8Cr-4Nb, Cu-4Cr-2Nb and NARloy-Z which are commonly used by 
NASA for thrust chamber fabrication.  Comparison of the alloy chemistries for the four copper alloys is given 
in table 2.  Based on least square fit method the Norton and Exponential creep constants are evaluated for the 
above alloys.  Since it is difficult to compare the alloys based on the magnitudes of these creep constants alone, 
creep strains directly computed for a stress level of 60 MPa at 927 K for an operational duration of 7200 s are 
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compared instead.  Details of the creep constants and computed creep strains are given in Tables 3 and 4.  Units 
used for the above calculations are Kelvin, MN/m2 and seconds for temperature, stress and time respectively. 
Tables 3 and 4 indicate that Cu-Cr-Zr-Ti creeps by a small amount in comparison with other alloys.  
Maximum creep is found to be for NARloy-Z.  From this it is evident that Cu-Cr-Zr-Ti is superior to the other 
three alloys.  
 
Table 2. Comparison of alloy chemistry (% by wt.) 
Alloy Ag Cr Nb Zr Ti Cu 
Cu-Cr-Zr-Ti - 0.5-0.7 - 0.02-0.05 0.02-0.05 Balance 
Cu-8Cr-4Nb - 6.5 3.6 - - Balance 
Cu-4Cr-2Nb - 3.8 5.5 - - Balance 
NARloy-Z 3 - - 0.5 - Balance 
Table 3. Comparison of creep characteristics for Norton model. 
Material C1 C2 C3 Stress 
MPa 
Temp 
K 
Time 
 s 
Creep strain 
Cu-Cr-Zr-Ti 8.09E-06 2.72 12843 60.77 927 7200 0.00051276 
Cu-8Cr-4Nb 4.13E-03 4.7323 25387 60.77 927 7200 0.0013507 
Cu-4Cr-2Nb 4.54E-02 5.6154 29738 60.77 927 7200 0.00510879 
NARloy-Z 1.35E+02 4.7008 31224 60.77 927 7200 0.07158153 
Table 4. Comparison of creep characteristics for Exponential model. 
Material C4 C5 C6 
Stress 
MPa 
Temp 
K 
Time s Creep strain 
Cu-Cr-Zr-Ti 2.03E-02 12.56168 13912.73 60.77 927 7200 0.0055907 
Cu-8Cr-4Nb 6.89E+04 7.85 30054.398 60.77 927 7200 0.0094931 
Cu-4Cr-2Nb 1.42E+07 6.87234 34844.99 60.77 927 7200 0.0334668 
NARloy-Z 1.09E+10 5.00605 40466.079 60.77 927 7200 1.6223291 
5. Finite element modeling and stress analysis of thrust chamber 
Figure 3 shows the configuration of the rocket engine whereas figure 4 gives the details of its combustion 
chamber.  Finite element modelling and stress analysis of the chamber are carried out using ANSYS.  Details of 
the chamber cross section are given in figure 5 whereas figure 6 shows the axisymmetric model.  Full length of 
the chamber is not considered for the sake of simplicity.  Analysis of the chamber has been conducted for 
nominal thrust condition of 94.5 kN as well as uprated thrust levels of 111% and 126% of nominal.  Thermal 
loading is taken as the same in all these cases.  Maximum temperature of 927K is experienced at the throat. 
Material, geometric, creep and contact nonlinearities are invoked in the analysis.  Details of cyclic thermo 
structural analysis of the chamber are given in Ref.3 and 4.  Analysis is done using both Norton and 
Exponential creep models for a total steady state thrusting duration of 7200 seconds (which is 10 times the 
nominal operating duration of 720 seconds).  Inner surface of inner wall at throat is studied in detail since it is 
the most critical location. Deformed shape of the chamber at peak loads is shown in figure 7.  Cyclic stress 
strain graph at middle of inner wall inner surface at throat is given in figure 8.  Salient load step points are 
shown in the above figure (0: no load condition, 1: low coolant pressure, 2: full coolant pressure + chamber 
pressure, 3: full coolant pressure + chamber pressure + thermal loads, 4: above loads acting for a duration of 
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7200 seconds).  Results show that the effect o
maximum creep strain being less than 0.1%.  
 
Fig. 3. Configuration of cryogenic e
 
Fig. 5. Cross section of thrust chamber 
Fig. 7. Deformed shape of chamber. 
f creep is not significant even with 126% uprated thru
ngine. Fig. 4. Configuration of thrust chamber . 
Fig. 6. Finite Element model of chamber. 
Fig.8. Cyclic stress strain graph at throat . 
Cyclic stress strain graph at throat inner wall in thrust 
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6. Conclusions 
Creep rupture tests are performed for a Cu-Cr-Zr-Ti alloy at different temperature and stress levels 
exceeding the material yield strength.  This alloy is used by ISRO for fabrication of its cryogenic rocket engine 
thrust chambers.  Creep constitutive properties of the same are evaluated using least square fit technique 
employing two models.  Comparison of creep properties of this alloy with three other copper alloys used by 
NASA for their thrust chambers is done.  The study shows that Cu-Cr-Zr-Ti alloy is superior to all the others.  
Finally elasto plastic cyclic stress analysis of a thrust chamber is performed using these properties with ANSYS 
finite element analysis code.  Analysis shows that the effect of creep is not significant for an operational 
duration of 7200 seconds (10 times the nominal thrust duration of the engine) even for 126% uprated thrust 
level.  Both creep models gave similar results.   
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